SUMMARY
The current problems with decreasing fossile resources and increasing environmental pollution by petrochemical-based plastics have stimulated investigations to find biosynthetic materials which are also biodegradable. Bacterial reserve materials such as polyhydroxyalkanoates (PHA) have been discovered to possess thermoplastic properties and can be synthesized from renewable resources. Poly-/3-hydroxybutyrie acid (PHB) is at present the most promising PHA; and BIOPOL, its copolymer with poly-/3-hydroxy-valerate (PHV), is already industrially produced (ICI, UK), and used as packaging material (WELLA, FRG). According to the literature, PHA degradation has so far mainly been observed in bacteria; only under certain environmental conditions has fungal degradation of PHAs been indicated. Since fungi constitute an important part of microbial populations participating in degradation pro- cesses, a simple screening method for fungal degradation of BIOPOL, a PHA-based plastic, was developed. Several media with about 150 fungal strains from different terrestrial environments and belonging to different systematic and ecological groups were used. PHA depolymerization was tested on three PHB-based media, each with 0.1% BIOPOL or PHB homopolymer causing turbidity of the medium. The media contained either a comparatively low or high content of organic carbon (beside PHA) or were based on mineral medium with PHA as the principal source of carbon. The degradation activity was detectable due to formation of a clear halo around the colony (Petri plates) or a clear zone under the colony (test tubes). All fungal strains tested were able to grow on all three media. Growth, activity and clarity of PHA-degradation, however, differed depending on the medium used. For screening of BIOPOL degradation the mineral medium with 0.1% BIOPOL, 0.01% yeast extract and 0.01% peptone proved most satisfactory and showed about 55% of the fungal strains to be active, regardless of systematic and ecological groups.
INTRODUCTION AND REVIEW
Environmental pollution and exhaustion of non-renewable resources have focused interest on biosynthetic materials such as bacterial poly-/3-hydroxybutyrate (PHB) and copolymers [1] [2] [3] [4] . PHB and some copolymers are already produced industrially (e.g. BIOPOL by ICI, UK) [1], and are used for packaging purposes (WELLA, FRG). Poly-/3-hydroxyalkanoates (PHAs) have been shown to be completely biodegradable by bacteria into carbon dioxide, water and energy [2, [6] [7] [8] . According to the available literature, fungal participation in PHA degradation has so far only been shown under certain environmental conditions. Fungal participation in microbial PHA degradation was proposed in a review, where Lafferty et al. [2] in 1988 stated that: "Although it may be assumed that many soil fungi should be capable of degrading a poly-ester, such as PHB, there are few (if any) data available on this subject". One of the first experimental indications that fungi possess this capability, comes from Delafield et al. [9] , who in 1965 by direct isolation of soil microorganisms on mineral agar plates with a polymer overlay isolated "... a few molds that could use PHB as a carbon source, but which were not studied further".
Lepidi et al. [10] in 1972 investigated mineralisation of PHB in a mycorrhizal soil/water system, and found by an autoradiography method that microfungi also had accumulated radioactive compounds originating from a ~4CO2-1abelled PHB produced by bacteria. Based on these indications, recent reviews are taking fungi into account as possible degraders of PHAs [1, 4, 8] . By scanning electron microscopy, the colonization of PHB film surface by fungal hyphae, and the "solubilization of polymer", was recorded [8] . One Aspergillus strain and one unidentified fungus, capable of degrading pure PHB homopolymer, were isolated from compost [11] .
According to our present knowledge, the first experiment using pure fungal cultures to study PHA degradation were conducted by McLellan and Hailing [12] , who in 1988 grew three molds ( Penicillium simplicissimum, Eupenicillium sp. and one unidentified mycelial strain) in a liquid medium containing PHB as a sole carbon source. Based on titration of the free carboxyl groups, which were released by hydrolysis from PHB granules in a pH-stat, they found that the reaction rate of PHB hydrolase from the mold P.
simplicissimum is proportional to the amount of enzyme used at sufficiently low values, but tends to level out above a critical concentration. The enzyme reaction rate was also dependent on the PHB granule concentration. The production of 'PHB-hydrolase' at about 10 U/1 was rather low compared with values reported for bacteria.
Crude PHB hydrolase from P. simplicissimum showed an optimum pH of 7.0, and a high activity in the region between pH 3.5 and 5.5. Using both HPLC and GLC methods, only /3-hydroxybutyrate monomers were detected as soluble products of PHB hydrolysis.
The degradation of BIOPOL and its blends with polycaprolacton, polystyrene, poly(L-lactide), and poly(styrene-co-acrylonitrile), by the crude extract of an extracellular depolymerase from the cultural supernatant of the fungus Penicillium funiculosum was investigated by Dave et al. [13] .
Comparing the weight loss of materials subjected to enzymatic attack, they found higher weight losses of blends with increasing contents of the BIOPOL component. Also, for the immiscible blends, greater degradation rates as compared to the partially miscible ones, have been recorded.
In the investigation of different PHB-copolymers by soil microorganisms, conducted by Kunioka et al. [14] , the role of fungi has not been specifically explored, but they apparently played an important role in it. Coleman et al. [15] reported that in some soils fungi have proved to be the dominant decomposers of organic matter. Also, fungi might have been involved in the degradation of BIOPOL shampoo bottles in a lake at the sediment-water interface, investigated and described by Brandl and Piichner [16] .
Since terrestrial and aquatic (fresh-and seawater) environments serve increasingly as waste dumps, and since fungi are part of the degrading microbiota, their hitherto unknown degrading ability should be investigated. Therefore the present paper, being the first in a series, deals with the development of a simple semiquantitative test, suitable for screening high numbers of terrestrial fungi for their ability to degrade PHAs in different forms.
The lack of data about the ability of fungi to degrade PHAs, and about their potential role in the degradation of PHA-based plastics in natural environments, led us to investigate this important group of the degrading microbiota. A simple method for screening of marine fungi for degradation of PHAs and PHA-based plastics has been developed in our laboratory [17] . Using basal mineral medium based on artificial sea water and enriched by 0.1% PHB or BIOPOL, causing turbidity of agar media we showed that, out of 102 marine fungal isolates, only three formed clearing zones around colony growth [18] . The percentage of only about 3% of active marine isolates is in sharp contrast to the more than 50% of active terrestrial fungi [19] .
The importance of fungi in PHA-based plastic degradation has been also proved by a long-term in-field study on the degradation of BIOPOL shampoo bottles [20] . The highest BIOPOL degradation was found generally under environmental conditions where fungi dominated (compost, municipal tip, greenhouse peat). This was confirmed by scanning electron microscopy which showed heavy fungal colonization of the most degraded BIOPOL samples [21] .
MATERIALS AND METHODS

Media
For fungal growth and detection of PHA (BIOPOL) degradation, three media, low in easily available organic nutrients, were tested comparatively [22] ; (1) glucose-peptone-yeast extract agar (GPY), containing 0.1% glucose, 0.05% peptone, 0.01% yeast extract [23] ; (2) reduced glucose-peptone-yeast extract agar (rGPY), containing 0.01% glucose, 0.01% peptone, 0.005% yeast extract; and (3) mineral medium with peptone and yeast extract (mPY). Mineral salts: 0.14% NaNO 3, 0.10% NH4H2PO4, 0.10% KH2PO4, 0.06% K2HPO4.3H20, 0.04% MgSO4-7H20, 0.02% CaCI2.2H20. Organic substrate: 0.01% peptone, 0.01% yeast extract. Microelement solu-325 tion A (1 ml/l medium): 0.4% CuSO4-5H20, 0.4% ZnSO4.7H20, 0.4% Na2MoO 4, 0.2% MnSO 4 • H20, 0.2% CoCI 2 • 6H20, 0.2% H3BO 3, 0.1% KJ, 0.1% Na2SeO 3 • 5H20, 0.1% Na2WO 4 • 2H20, 0.1% KAI(SO4)2" 12H20. Microelement solution B (1 ml/l medium): 0.5% FeSO4 • 7H20.
In all cases, 1.6% agar and double distilled water was used. The pH was adjusted to 6.0 before autoclaving (20 min, 121°C).
Preparation of assay medium
Powdered BIOPOL (1.0 g) or PHB (1.0 g) was suspended in 100 ml of distilled water, sonicated for 10 min (BANDELIN SONOREX RK 106 S) and autoclaved separately. After sonication for another 10 min, the opaque suspension was added aseptically to 900 ml of hot sterile medium which then was sonicated for another 10 min, agitated, cooled down to 50°C and poured into sterile Petri plates or test tubes. To prevent sedimentation of the PHA particles during solidification the test tubes were cooled rapidly in a cold water bath.
Granulated BIOPOL (Imperial Chemical Industries (ICI) UK, lot MBL 100/1320) and powdered BIOPOL (PHB-PHV copolymer with approximately 8% poly-fl-hydroxyvaleric acid (PHV), 9% triacetin, 3% titanium dioxide and 1% boron nitride) were kindly supplied by ICI, UK.
Biological material
One-hundred-and-fourty-three pure strains of terrestrial fungi (Culture collection Botanical Institute, University of Regensburg), belonging to different systematical and ecological groups, were used for testing the media. Penicillium simplicissimum, (IMI 300465, DSM 62867) was used as reference strain for high PHA-degrading activity [24] . In addition, Pseudomonas delafieldii (DSM 50403) and Bacillus megaterium (DSM 90), two bacterial strains with well-known PHB-degrading activity were used with the media for control.
Cultivation
The fungal strains were cultured on GPY agar at 22°C and approximately 3 x 3 mm squares from the actively growing area of the plates were used as inoculum. All cultures (Petri plates, 9 cm 326 diameter and screw-capped test tubes, 20 × 100 mm) were incubated at 22°C (65% relative humidity, 12/12 h light/dark cycle).
Eualuation of degradation activity
Depolymerizing activity was determined by recording the clearing of the turbid medium as clear zones in agar plates (diameter in mm) or depth of the clear zone in mm in test tubes at daily (first week) or weekly intervals.
RESULTS
All media tested for BIOPOL degradation (GPY, rGPY, mPY) supported growth of all fungal strains used. Growth and PHA degradation (clarity of medium, extention of clearing), however, differed depending on the medium and the PHA substrate used. Fungal BIOPOL degradation was strongly influenced by type of medium as shown in Fig. 1 . Table 1 shows the influence of the media used on BIOPOL degradation in correlation with systematic groups of the fungi tested. The highest percentage of active fungi (79 strains, 55%) was found on mPY complex mineral medium. Second in this respect was the reduced GPY medium with 44 active strains (31%), followed by the richer GPY medium with only 33 strains (23%) showing clearing activity.
The fact that 32 strains (22%) showed BIO-POL-degrading activity only on mineral medium also suggests that the mPY medium provides the best conditions for the expression of the PHA degradation potential (Table 1) . Considering strains which were active only on mineral medium (mPY), the highest percentage (28%) of BIOPOL-degrading strains was found among the Basidiomycetes group. Figure 1 illustrates some typical cases of BIOPOL degradation depending on the media used. Some Deuteromycetes such as Penicillium simplicissimum showed similarily high activity on BIOPOL in all three media (Fig. la) . About 20% of the strains exhibited degrading activity on all of the media used (Table 1 ), but the highest activity was always observed on mineral PY medium (Fig. lb) . Some 22% of the fungi used, degraded BIOPOL only if it was offered as the sole source of carbon (mPY medium, Table 1 , Fig. lc) .
Mineral PY medium containing only peptone and yeast extract as organic substrates other than BIOPOL appeared --according to the high degradation activity observed --as the most convenient medium for fungal activity screening. This becomes evident from Fig. 1 where the mean values of PHA-degrading activity of all active fungi (Fig. ld) show the highest activity on this medium.
Mineral PY medium, being poor in easily available organic carbon sources, generally supported slow, and in some cases only weak colonial growth, resulting often in late expression of degradation ability. In some cases the activity did not appear before 5 weeks of incubation.
Since, however, degradation activity was found to be best on mPY medium (degradative intensity, number of active strains) and since in some cases this activity was found exclusively on this medium, it is therefore recommended as test medium for screening fungal strains for PHA-degrading ability. Because of the slow fungal growth observed on this medium, incubation time, however, should be at least 6 weeks. Figure 2 shows for comparison a typical BIO-POL degradation pattern by a clearing zone around the fungal colony on a Petri plate. This method, however, proved disadvantageous for fast-growing strains with late activity because clearing activity is difficult to observe below the fungal colony. In addition, with the long incubation period of 6 weeks, dehydration of the medium may become a problem. Figure 3 shows the difference in the clearing pattern in test tubes between a medium with powdered BIOPOL and PHB homopolymer. It is obvious that use of pure PHB homopolymer results in much clearer zone formation in comparison to BIOPOL where turbidity of the medium is caused to some degree also by other components (poly-/3-hydroxyvaleric acid, triacetin, titanium dioxide and boron nitride) with their specific effect on clearing activity. Furthermore, the use of test tubes (12 × 100 mm) instead of plates is recommended because of their obvious advantages for determination of PHA-degrading activity with fungi.
DISCUSSION
PHB as storage material was first detected in bacteria [24] and consequently its biosynthesis and biodegradation were investigated first in these organisms [25] [26] [27] [28] [29] . Principally the following approaches were used to show bacterial PHB degradation: (1) as weight loss of PHB strips incubated in natural environments [1, 30] ; (2) as loss in turbidity on PHB-containing 'polymer overlayer plates' [9] ; (3) as loss in turbidity on PHB-containing simple mineral agar plates [31, 32] ; (4) quantitatively as extracellular PHB depolymerase activity causing a decrease in turbidity of insoluble PHB [6, [33] [34] [35] ; (5) spectrophotometrically by quantitative determination of crotonic acid as the product of PHB degradation [36, 37] ; (6) scanning electron microscopically by recording changes of material exposed to microbial enzymatic attack [11, 20, 21, 38] ; and (7) by more sophisticated biochemical methods such as gas chromatography (GC) and high pressure liquid chromatography (HPLC) [39, 40] , and nuclear magnetic resonance spectroscopy (NMR) [41] .
In contrast to the situation in bacteria, so far fungal PHB degradation has only been postulated or shown more or less indirectly for a limited number of organisms and methods.
This was done e.g. by incubation of PHA-containing material in natural environments where fungi were also present in the degrading microbiota. Thus, destruction of the PHA material was shown by several authors [11, 16, 20, 21] , predominantly visually or gravimetrically (weight loss of substrate).
The participation of fungi in PHB degradation was postulated according to the scanning electron microscopical evidence of PHB film decomposition around fungal hyphae [8] . The radioactive PHB-breakdown products recorded in fungal component of soil microbiota, indicated at least the uptake of these compounds by fungi [10] . The degradation of PHB and its blends by crude fungal extracellular PHB-depolymerase(s) [12, 13] represented the first experiments with pure fungal strains which showed enzymic PHA degradation.
In contrast to these mainly indirect results on PHA degradation, covering only very few fungal strains, this paper reports methods giving a direct in vitro approach to prove the degradation of various materials containing PHA by pure fungal strains under optimal conditions.
329
On the basis of work on bacterial PHB degradation and based on the few data available on fungal participation, we intended to develop a simple and at least semiquantitative test suitable for screening a high numbers of fungal strains.
As a result, an assay was developed involving the clarification of a mineral medium containing a limited amount of organic substrates, and PHA as main carbon source causing the turbidity of the media. Since in contrast to the bacterial test performed on plates, fast colonial growth of some fungal strains covered the medium in plates and interfered with reading the clarification test, for fungi (filamentous and yeasts) test tubes were used instead. Since some fungi grow slowly and show enzyme activity relatively late, a minimum incubation time of 6 weeks for the test is recommended. In summary, the method developed works with a high number of terrestrial fungi of different systematical and ecological groups and seems to be well suited for screening purposes of PHA-degrading activities.
